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SUMMARY 


Surface temperatures were calculated for bodies in steady 
supersonic flight at Mach numbers from 2 to 10 and for altitudes 
from 50,000 to 200,000 feet and emissivities from 0 to 1. The 
importance of the effects of radiation and convection was deter- 
mined. It was found, under tho assumption of an isothermal 
atmosphere, that the gain of heat from the air by convection 
decreases at constant Ma.ch number as the altitude is increased. 
Equilibrium between convection end radiation is established at 
temperatures that consequently deci-eaee as altitude, is increased. 
In general, therefore, at sufficiently hit^ altitudes the surface 
temperature is considerably less t^an the stagnation temperature. 
At a Mach number of 8, for example, the stagnation temperature 
is 4800° F absolute and the equidlibrium surface temperature for 
an emlssivity of 0.5 is 3^00° F absolute at 50,000 feet and 
decreases to 1350° F absolute at 200,000 feet. 


INTRODUCTION 


As actual and proposed speeds of fli^t increase, the problem 
of aerodynamic heating of aiiq^lanes and rockets becca^s a source 
of great concern. The iD 5 )ortance that tho problem ass’jmes .is ~ 
forcibly illustrated by the heating of meteors. While a meteor is 
moving through eB 5 >ty space, its temperature is low. Yet, within a 
few seconds after the meteor enters the earth’s atmosphere,' its 
surface has become incandescent. Although combustion doubtless 
plays a role in the final teH 5 )erature reached, the surface of the 
meteor attains at loast combustion tempeiature by friction and 
by compression of the earth’s atmosphere. 


The purpose of the present paper is to examj.ne the problem of 
aerodynamic heating of bodies in steady supersonic flight, to state 
what alleviating factors exist, to determine the significance of 
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these factors and, finally, to calculate the temperatures that can 
he expected on the surface of bodies at supersonic speeds. 

The results presented herein are hased on analysis and on 
extrapolation. It vas foxmd necessary to use subsonic heat -transfer 
equations for supersonic flow, small-viscosity-gradient heat- 
transfer equations in flow where the viscosity-gradient is large, 
and estimated atmospheric density at altitudes at which tho 
properties of the atmosphere are not yet accurately known. The 
extrapolations are necessary at the present time because of- a 
lack of experimental and theoretical data. .The quantitative 
accuracy of the results obtained herein depends, of course, on the 
cori’ectness of the several assumptions that were necessary in 
making the extrapolations* 
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SIWBOIS 


ratio of characteristic tempemtures (®q/^N/ 

specific heat at constant pressure, Btu/(lb)(°F) 

specific heat at constant volume, Btu/(lb)(°P) 

effective molecular diameter ^.1 x 10"^^ ft^ 

acceleration duo to gravity ( 32.2 ft/sec^) 

local coefficient of heat transfer at distance x from 
leading edge, Btu/(sec) (sq ft) (®F) 

average coefficient of hoat transfer over distance x 
from leading edge, Btu/(sec)(sq ft)(®F) 

rate of heat transfer, Btu per second 

mechanical equivalent of heat (Vt 8 ft-lb/fetu^ 

thermal conductivity, Btu/(sec)(sq ft) (°P/ft) 

Mach number 

Prandtl number 

gas constant (for air, 53*52 ft-lb/(lb) (op abs.)^! 
Reynolds number ( 0 Vx/a) 
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surface area, square feet 

temperature, °F absolute 

temperature of surface, atsolute 

total or- stagnation temperature, absolute 

velocity, feet per second 

distance from leading edge, feet 

altitude, feet 

ratio of ten^ieratures (%,'!■) 
sh.ock-'waTe angle, degrees 
half angle of wedge airfoil, degrees 
ratio of specif ip heats (o^/o^^ 
boundary- layer thiokness, .feet 

emissivity, ratio of emissive power of actual surface to 
that of black body 

characteristic tepiperature, °F absolute 
mean free path, feet 

coefficient of viscosity, slug/(ft) (sec) 

/ 23 

number of molecules per unit volume i7.3 ^ 
cubic foot at sea-level denslt^ 


mass density, slug per cubic foot 




Stefan-Boltzmann constant (k.8 X 10 Btu/{aec)(sq ft) abs 




Subscripts : 

N nitrogen 

0 oxygen 

1,2 regions in figure 4 
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ANALYSIS 


In order to calculate surface temperatures, stagnation or 
total temperajtures are first calculated. The variation of the 
total or stagnation temperature of air with Mach number is shown 
in figure 1. Figure 1 applies in the stratosphere, under the 
assumption that the atmospheric temperature there is 392” F absolute. 
The equation 

Tt = T^l + (1) 


with y - l.k was used to obtain figure 1. The values of stag- 
nation temperature shown in figure 1 are frequently thought of as 
the temperatures that tvIII exist on the surfaces of supersonic 
bodies. Even at a Mach number of if- the stagnation temperature is 
high and rises rapidly as Mach number is increased. The use of 
the values of stagnation temperature given in figure 1 as the 
surface temperatures of airplanes and. rockets, however, is an over- 
simplification of. the problem, as certain factors cause the surfaue 
temperatures to be less than the temperatures shown in figure 1. 


Variation of Specific Heats 

In the first place, the specific heats of air are functions 
of the temperature . A more refined value of stagnation tenperature 
than that given by equation (l) can therefore be obtained by taking 
into .account the variation of the specific heats with temperature . 
According to the classical kinetic theory of gases, the specific 
heats of (diatomic) air are 


R 

J 


1 K 

2 J 


( 2 ) 


at tenperatures near 500” F absolute. At these temperatures the 
thi-ee degrees of freedom due to translation of the molecules and- 
the two degrees of freedom due to rotation have been fully brou^t 
into play . As the tenperature Is raised, vibration of the molecules 
is gradually activated and makes its contribution to the specific 
heats. As the tenperature increases, therefore, the values of c.^. 
and Cy increase above the values given by equation (2) , and the^ 
value of 7 decreases below the value of 1.4 that was used in 
equation (l) and in figure 1, If the temperature is raised enough. 
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dissociation also contributes to the specific heats . The effect of 
dissociation, however, is not included, in the present analysis, as 

the effect is not very important at the temperatures considered 

herein and a quantitative treatment of the effect would he rather 
complex. Electronic excitation and molecular and atomic ionization 
are also present if the ten^erature is raised enou;^ . Of these 
processes the. electronic excitation of oxygen occurs at the lowest 
ten5)crature and has the largest effect on the specific heats . A 
check calculation shows, however, that its contribution to the 
specific heats is only one-half of 1 percent at 6000° E absolute. 
The effects of excitation and ionization are therefore not taken 
into account herein. Vibration, however, begins to occur at 
approximately 500° F absolute, and the effect of vibration on the 
specific heats and the stagnation temperatiire is therefore 
investigated . 

The specific heat of air at constant pressure is given by 
the following equation, in which the quantities on tho loft-ha^ 
side refer to air, which is considered to be coniposed of 79 percent 
nitrogen by volume and 21 percent oxygen. Thus, 


E 


I . 0.79 


en 


+ 0.21 


°P0 

En 


(3) 


According to the class3cal quantum statistics (see, for example, 
reference 1) , 


= I z^e^ 
^N ^ (e^ - l)® 



where 



1 + (az)^e^^ 

2 (e^z - 1)2 
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and 


®0®N 

az = 


The quantities. and 6q are the Planck-linatein "chai’acterlstlc 
temperatures." From measurements of molecular spectra they are knowi 
to have the values (see, for example, reference 2) 


~ ^060^^ F absolute 
©Q = 4050° F absolute 

By use of eqmtions (4) and (5) equation (3) can then be rewritten as 


J -T? = 




0.79 


z e 


(e^ . ly 


+ 0.21 


- 1)^ 


( 6 ) 


The expression for stagnation temperature that takes into , 
account the variation of the specific heat of air is derived as 
follows: The dlff erentlal . equation that expresses conservation of 

energy in an adiabatic flow process is 


CpgJ dT + Y dY = 0 (7) 

If substitutions are made in equation (7) for c from equation (6) 
and for dT from the relation ^ 


dT » 




- 3-9 dz _ 0 . 793 ^ dg 0.21ae^^ d(az) Y dY _ q 

z*^ (eZ - 1)2 (©az . 1)2 ^ 6 ^ ~ 


( 8 ) 


then 
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Integration, of equation ( 8 ) ‘between- the limits of the free-streem. 
condition (su'bscript 1 ) and the stagnation condition (subscript t) 
gives 

+ °-79 + ^ ( 9 ) 

2+ 2+ 0 .6724- 2-1 2-1 . 

^ e^-l e 


in ■which extremely small terms op. the ri^t-hand side have been 
omitted, 73 _^T 3 _M 2 _ has been substituted for , and numerical 
values have been substituted for a and 7 ^. Equation (9) gives 


the relation be't'ween stagnation temperature 



and free- 


stream Mach number M^. Stagnation temperature as a function of 

Mach niomber, as given by equation (9) for a free-stream tempera- 
ture of, 392® F absolute, is sho'wn in figui’e 2^ At the lower "values 
of Mach number the- deviation of the stagmtion.-tempepatu’re from the 
values shown in figure 1 is- very small., ..At the-higher Mach number's 
the deviation is larger and amounts to I 3 OO®. at • a J^ch^ n'lmber^ 

The numorical coEpu-tetioiis of surface temperature for the present ' 
paper were baaed on the stagnation temperatures shown -in figure 2 . 


Recovery Factor 


The second factor that has a bearing on the temperatures 

ob'balned -in flight is the so-called "temperature recovery factor" . 
If a fluid is brought from a state of motion to a s'tate of rest 
by an adiabatic compression, as at a stagnation point, its tempera- 
ture is raised, as shown in figure 2. If, ho'wever, a fluid is 
brought from a state of motion to a state of rest by friction, as 
occurs, for example, at the surface. of a flat plate that is 
oriented peraJJLel to an air stream, the temperature^ of the fluid 
is raised to a value that may be different from that obtained by 
adiaba‘';io compression. .The ratio of the temperature rise due' to 
friction to the temperature rise due to adiabatic conpression is 
known as the recovery factor. The value of -the recovery factor 
depends on whether the flow is laminar or turbulent. The recovery 
factor for flat plates in laminar flow hets been shown theoretically 
in- references' 3f and to be very nearly equal to the square 
root of the Prandtl m^ber. The Prandtl number of air at ordinary 
temperatures is about O. 7 ?, and the recovery factor is about O. 87 . 
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The measured value of the recov'ery factor has heen reported In 
reference 6 to he O.87 for flat plates and In reference 7 to 
he 0.91 for the laminar flow at 0.1 chord of an airfoil. Theo- 
retical determinations of the recovery factor in turbulent flow 
have not heen precise. (See reference 8.) The measured value 
reported in reference 6 is O.9O for flat plates and in reference 7 
is 0.95 for the turbulent flow at 0.7 chord of an airfoil. The 
value of the recovery factor has not been measured at high tempera- 
tures or at high supersonic Mach nximbers. (Measurements at low 
supersonic Lfech numbers have been reported in reference, 7 •) In the 
present paper a recovery factor of unity has been used. 


Badiation 

The third and fourth factors that affect surface tempbratures 
are radiation and heat transfer by convection-. Notwithstanding 
the fact that in supersonic flight the surface temperature 
(boundaiy-layer temperature) is much hl^er than the stream tempera- 
ture, there is, of course, no transfer of heat between the surface 
and the stream- provided- that the surface is at the temperature to 
which -the air in the boundary layer has been raised in being brou^t 
to-rest. If, however, the sui-fac© loses heat by radiation and drops 
in temperature, there' will be transfer of heat by -convection from 
the air to the surface. It is obvious that under conditions of 
constant Mach number and altitude the processes of hoat loss by 
radiation and heat gain by conyection will come tp equilibrium at a 
surface temperature that is lower than the surface teuiperaturo that 
would exist without radiation. The effects of radiation and con- 
vection must therefore be evaluated. 

The rate at which energy is lost by a surface by radiation is 

m 


For the present calculations the following values of £ were used 
(compare reference 9, pp. 5O-5I . and table XIH, pp. 393-398): 

c = 0.2 (corresponding approxiinately to oxidized aluminum 

at 1000° F and to polished iron at 100° to 500° F) 

£ = 0.5 (corresponding approxlmsteily to smooth sheet iron 

at 1900° F .and oxidized rolled sheet steel at 100° F) 

£ «= 1.0 (corresponding to a black body or perfect radiator) 



NACA TN No. Hill- 


9 


For nearly all eubstences e is a function of temperature. It vlll 
be shoTm, however, that, bo long as the value of £ is not close '^o 
zero, the particular value that it has is not an important factor in 
determining airplane surface tempezatures . 

The rate of radiation H/S as given by equation (10) is shown 
as a function of surface tenqjerature in figure 3 . 


Heat Transfer by Convection 

• The flow over the first part of a smooth flat plate is laminar. 
If the Beynolds number of the flow, based on the plate length, is 
sufficiently large, the region of laminar flow is followed by a 
region of transition, which in turn is followed by a region of. 
turbulent flow. The equations for the heat-transfer coefficient in 
the laminar region are (reference lO, p. S 3 8 ) 


h,. » 0.33 I (Ee)^/2(pj.)l/3 (^) 


H = 0.66 ^ (Ee)^/^(Pr)^^3 ^ 2 ) 


In the turbulent region the equation for the local coefficient is 
(reference 10, p. 269) 


h^ » 0.029 I (Re)p*®Pr , (13) 


and for the average coefficient is 


h 



0.036 ^ (Re)°*®Pr 

X 


m 


Equation (12) is a theoretical equation that has been experi- 
mentally verified, and equation (l4) is an empirical relation. 
Those equations apply when the free-stream velocity is subsonic 
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and when the ten^jerature gradient -(tliat is, the viscoelty gradient) 
in the hoimdary layer is small hut ere assumed -herein to apply in 
supersonic flow and in flow with large houndary-layer gradients. 

Ordinarily, in order to compute the heat transfer from a flat- 
plate, estimates are made of the Reynolds number of transition 
and the limits of the tiansitlon region. The value of- h^j. is then 
computed and plotted in the laminar and the turbulent regions, a 
reasonable transition curve 1s drawn, and an Integration is per- 
formed to obtain the average heat-transfer coefficient for the 
entire plate . The extent, howevpr, of the lemlnar region depends 
not only on the Reynolds number of the flow but also on the initial 
turbulence in the flow and on the viscosity gradient in the 
boundary layer. Measurements on an unheated flat plate by 
Van der Hegge Zijnen showed that transition occurred at a Reynolds 
number of about 300,000 with a given degree of initial turbulence 
and at a Reynolds number of 100,000 when a wire screen was used to 
increase the initial turbulence (reference 10, pp. 261-264) . 
Measurements at the National Bureau of Standards showed transition 
at a Reynolds number of 1,100,000 with small initial turbulence ' 
and at 300,000 behind a wire screen (reference 10, pp. 264-265) . 

The plotted data of Ellas and of Eago and Falkner (reference 9, 
fiS’ 99 f P> 206) would_ indicate transition on a heated flat plate 
at-a Reynolds number of approximately 40,000 (if a transition 
curve were drawn between the laminar and the-turbulent curves) . 

The airfoil to which the heat- transfer equations are applied 
is shown in figure 4. The conditions in region 2 between the 
shock mve and the airfoil surface, but outside the boundary layer, 
are given in terms of the conditions in region 1 ahead of the shock 
wave by the following equations (reference U) : 


— - tan g 
Pj_ "* tan (a" - p) 


(If) 


Vo 

« -cos g - 
V^ cos (a - p) 


(16) 




sin^a 



7 + 1 
2 


— ^ tan (a - p) 
tan a 


( 17 ) 
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Conditions in region 1 depend on the Mach number and the 
altitucl,e . The Taluea of ten^ierature and denaity that vere used at 
the high altitudes considered herein are given in appendix A. The 
Eeynolds numb era behind' the shock wave, region 2, based on a length 
of 1 foot and a free-stream Mach number of 6 are shovn in the 
following table: 


■ Altitude 
(ft) 

Eeynolds 

number 

'50,000 
100,000 
150., 000 
200,000 

9,600,000 - 
880,000 
81,000 
T,4oo 


The variation of Reynolds numbei' with Mach number at a given altitude 
is not very lai'ge conrpared with the variation of Eeynolds number with 
altitude at a given Mach number. The Reynolds number at a Mach 
number of 10- Is approximately 7 times the Eeynolds number at a Mach 
number of 2 at • all the altitudes shown in the proceeding table . 

The rate of heat transfer to the airfoil is 


I = E(Tt - Tg) (19) 

In applying eq,imtion (19) j the following assun^itions .and Isiuipli- 
fications' were made: ’ ' ; 

(l) At . altitudes, of '^,000 and 100,000 feet, h is'^ven. hy 
e(iuation ' (ih) . . , , 


(2) At altitudes of ,'150, 000 and 200,000 feet, h is given by 
equation (12)'. 
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(3) The 3c in equations (12) and (l4) vas "based on the 
temperature in region 2, notwithstanding the large temperature 
gradient in the "boundary layer, 

(4) The Reynolds number used in con^juting h was "based on 
density, velocity, and viscosity in region 2, notwithstanding the 
large viscosity gradient in the "boundary layer. 

(5) The Reynolds number was based on a 1-foot length. 

The. rates of heat transfer from the air to the airfoil, as 
given by equation (19) under these assumptions and simplifications, 
are shown in figure 5* The rate of heat transfer to the airfoil at 
a given Mach number decreases rapidly as the altitude is increased. 


RESULTS AND DISCUSSION 


At a given altitude and Mach number if thermal equilibrium 
has been reached and if there is no thermal conduction from the 
foi*wai:d half of the airfoil (fig. 4) to. some other part of the 
airplane, the equilibrium, tenqperature of the forward part of the 
alifoil is the teii^Jerature at which the rate of heat transfer from 
the airfoil by radiation is equal to the. rate of heat transfer to 
the airfoil by convection. In other words, equilibrium tenq)era- 
ture is the surface temperature. Tg at which H/S in figure 3 is 
eqiial to H/S in figure 5- This equilibrium surface ton^erature 
is shown in figure 6 as a function of free-stream Mach number. 

(The curve for e ?= 0 in figure 6 shows stagnation tenqjerature .) 

Figure 6 shows that the surface temperature can be much less 
tloan the stagnation teB5)erature if the altitude of flight is 
sufficiently high. It can be seen, also, tliat, if the surface is 
in thermal equilibrium at a gi^ven temperature, the hl^er the 
altitude the greater the Mach number. An equilibrium surface 
temperature of 1500° F absolute is shown, for example, for e » O.5, 
at a Mach number of 4 at 50,000 feet, of 4.4 at 100,000 feet, 
of 6.5 at 150,000 feet, and of 9-2 at 200,000 feet. At a given 
Mach number, therefore, the surface .temperature is also shown to 
decrease as the altitude increases . At a Mach number of 8, for 
example, the surface temperature for e = 0.5 is 3800° F absolute 
at 50,000 feet and decreases to 1350° F absolute at 200,000 feet. 
Figure 6 shows clearly tliat the value of £ does not have much 
effect on the surface temperature so long as the value of e is 
not close to zero. 
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The temperature of only the forwai^i part (the hottest part) of 
the airfoil shown in f5gure 4 is considered herein. When the air 
stream expands in going from region 2 to region 3, its density is 
decreased more than Its velocity is increased. The rate of con- 
vection from the air stream to the airfoil consequently is smaller 
and the equilihrium temperature is smaller for region 3 than for the 
forward part of the airfoil. 

The effect of solar radiation on the temperature of the 
airfoil is not included in figure 6. The solar constant, which is 
the quantity of energy that impinges in unit time on unit area o f a 
surface normal to the aim's irays and Just outside the earth's 
atmosphere, is 0.116 Btu per second per square foot. (Actually, 
only about 70 percent of the initial solar radiation gets throu^ 
the earth's atmosphere to sea level on a clear day when the sun 
is at the zenith.) For Mach numbers and altitudes for which the 
rate of gain of heat by the airfoil by convection and the rate of 
loss of heat by radiation are of the same order of magnitude as the 
solar constant, the temperature of the airfoil could be considerably 
affected by solar radiation. These conditions are met when the Mach 
number is small and the altitude is high. Figure 7 'was prepared on 
the assumption that the airfoil absorbed radiation at the rate 
of 0.1l6e Btu per second per square foot, in addition to receiving 
heat from the boundary layer by convection and losing heat by 
radiation. Comparison of figures 6(b) and 7 shows, therefore, the 
maximum effect that solar radiation can have on the equilibrium 
tenqierature of the airfoil. 

Equilibrium temperatures at hi^er altitudes than 200,000 feet 
are not shown. The heat-transfer equations used for calculating 
equilibrium temperatures cannot be safely applied at altitudes 
greater than 200,000 feet Inasmuch as the boundary- layer thickness 
is no longer large in comparison with the mean free path of the 
air molecules. (See appendix B.) 


SUGGJSTIOHS FOR FUTURE RESEARCH 


■ An interesting by-product of the investigation is the list of 
unsolved problems which made necessary a number of assuagitions in 
obtaining the results. These problems include the following; 

(1) Heat-transfer coefficient in supersonic flow 

(2) Heat-transfer coefficient with largo viscosity gradient 
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( 3 ) Thermal conduoti-vity and coefficient of viscoaity of air 

at high temperatures 

(4) Boundary- layer transition In supersonic fiov 

( 5 ) Boundary -layer tr'onsltlon with large viscosity gradient 

(6) Boundary- layer transition with heat transfer 

( 7 ) Recovery factor in supersonic flow 

(8) Recovery factor with high Boundary- layer tesmperatures 

( 9 ) Boundary- layer thickness in supersonic flow 

( 10 ) Drag, lift, and heat transfer at altitudes where mean 

fiae path is not of a lower order of magnitude than 
Boundary- layer thickness 

(11) Density and temperature at high altitudes 

( 12 ) Effect of heat-capacity lag on heat-transfer coefficient 


CONCTUSIONS 


The following conclusions Based on calculations of surface 
temperatures of Bodies in steady supersonic fli^t may Be drawn: 

1. The rata at which heat is transferred to a Body from the 
air By means of convection decreases at constant Mach number as 
the altitude 3.s increased. 

2 . Loss of heat from a Body By moans of radiation is an 
important factor in determining the temperature of the Body if the 
altitude of flight is sufficiently great. 

3 • The temperature at which thermal eauillBrlum Between con- 
vection and radiation is reached docroasos, at constant Mach 
number, as the altitude is increased. 

4. At sufficiently high altitudes and sufficiently high I-lach 
numbers the surface temperature of a Body is ccnsideraBly less than 
the 8 ta.gnation tempereture of the air. At a Mach nimiber of 8 , for 
example, the stagcmtxon teoiperature is 4600° F absolato and. the 
equilibrixom surface tanroorature for an omisslvity oi' 0.5 is 
3800P F absolute, at 80,0C0 feet and decreases to 1390° F abeolubo 
at 200,000 feet. 
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5- The value of the emissivity of the surface does not have 
much effect on the surface temperature if the value of the 
emissivity is not close to zero. 

6 . Solar radiation has a large effect on the surface tempera- 
ture only for lov Mach numhers and hi^ altitudes . 


Langley Memorial Aeronautical Laboratory 

National Advisory Committee for Aeronautics 
Langley Jield, Va., October 10, 19^6 
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APPETOIX A 


AMSPBERIC PROPERTIES AT HIGH AI/riTODES 


The properties of the standard atmosphere are defined in 
reference 12 to an altitude of- 65,000 feet. Altitude-pressure 
tehles for altitudes to 8o, 000 feet are given in reference 13 . 

In reference I3, at altitudes hetween 35,332 end 80, 000 feet the 
temperature is taken to he 372° F ahso.lote a-id the density is 
given hy the following ct^up.ticn, vnlch was obtained froKL Boyle’s 
law and eq^uation (8) of reference IJJ 

Y = 35332 + 48211.1 log (20) 

The present investigation was siD^lified by the assumptions 
that the isothermal region of tho a-lmio sphere, in which the tempera- 
ture is 392^ F absolute, extends to an altitude of 200^00 feet and 
that tho density in the Isothewtal z'ogion is given by oqurtion (20) . 
The following table gives the densities and pressures obtained under 
these assumptions: 


Altitude 

Density 

Pressure 

(ft) 

(slug/cu ft) 

(in. Hg) 

50,000 

3.61 X 30"^ 

3.43 T 

100,000 

3.31 X io-| 

3.15 X 10-f 

150,000 

3 .04 X 10 -P 

2.79 X 10“' 

, 

2.69 X 10"^ 

200,000 

2.66 X 10"’ 


Since the present paper "Vias begun, the EACA Special Subcommittee 
on the Upper Atmosphere has adopted a resolution l;i which a tentative 
extension of the ste^rlard atmosphere is mad.e. The extension is 
from the 65,000 feet altitude of refsrexioe 12 to lOO.ooO feet. The 
pi-operties of tills extended atmospheio are given in reference l4 . 

The isothermal region is assizmed to extend to 100,000 feet, Tho 
density and pressure shown in the preceding table at altitudes 
of 50,000 and 100,000 feet are accordingly the same as those given 
in reference 14 -for those altitudes. 
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APPEHDI3: B 

inKETHSl AlffITODE IX)R FUJID-FLOW EQUATIONS 


There ie, or course, a, limit to the altitude’ at which the usual 
equations describing fluid-flow phenomena apply.- A botindary- layer 
phenomenon such as convective heat ti^sfer depends bn the free- 
path phenomena of viscosity and thermal conductivity. The usual 
equations that describe convective heat transfer can be expected 
to apply only when the mean free path of the air molecules is 
small in comparison -with the thickness of the boundary layer. The 
mean free path of air molecules is given by the kinetic theory of 
gases as (reference I5) 


X 


1 

\[2 


(21) 


The thickness of the boundary layer, if taken as twice the dis- 
placement of the streamlines, is^ for laMnar flow (reference 16) , 

5 = 3.J^3:(Ee)~V2 (22) 

The mean free path in region 2 of figure k between the shock 
wave and the airfoil surface (but outside the boundary layer) and 
the calculated thickness of the boundary layer on the airfoil l/2 foot 
from the leading edge are shown in the following table. The values 
are for a Mach number of 6. (The values of X and 6 vary by a 
maximum factor of about 3 between a Mach number of 2 and a Mach 
number of 10.) 


Altitude 

(ft) 

Mean free path 
(in.) 

Boundary - lay er 
thickness 
(in.) 

50,000 ■ 
100,000 

150.000 

200.000 

1.7 X lO'p 
1.9 X 10"^ 

2.0 X 10-3 
2.2 X 10"^ 

9.3 X 1D"3 

3.1 X 10"^ 

1.0 X io"f- 

3.0 X 10"^ 


According to the data of preceding table, the equations for 
heat-transfer coefficient given in the present paper cannot be 
safely applied at altitudes exceeding 200,000 feet. 
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Figure 7. ~ Equilibrium surface temperature as 
a function of free' - stream Hach number. 
Effect of solar radiation included. 




